Limited experimental data may be very useful to discriminate between membrane topology models of membrane proteins derived from different methods. A membrane topology screening method is proposed by which the cellular disposition of three positions in a membrane protein are determined, the N-and the Ctermini and a position in the middle of the protein. The method involves amplification of the encoding genes or gene fragments by PCR, rapid cloning in dedicated vectors by ligation independent cloning, and determination of the cellular disposition of the three sites using conventional techniques. The N-terminus was determined by labeling with a fluorescent probe, the central position and the C-terminus by the reporter fusion technique using alkaline phosphatase (PhoA) and green fluorescence protein (GFP) as reporters. The method was evaluated using 16 transporter proteins of known function from four different structural classes. For 13 proteins a complete set of three localizations was obtained. The experimental data was used to discriminate between membrane topology models predicted by TMHMM, a widely used predictor using the amino acid sequence as input and by MemGen that uses hydropathy profile alignment and known 3D structures or existing models. It follows that in those cases where the models from the two methods were similar, the models were consistent with the experimental data. In those cases where the models differed, the MemGen model agreed with the experimental data. Three more recent predictors, MEMSAT3, OCTOPUS and TOPCONS showed a significantly higher consistency with the experimental data than observed with TMHMM.
Introduction
Secondary transporters catalyze the translocation of substrates across membranes driven by (electro) chemical gradients of substrates and co-ions. They are universal to all biological cells and involved in many biological processes. They are integral membrane proteins that in most cases are encoded by a single gene. In spite of their simple architecture, their phylogenetic diversity is enormous as evidenced by the approximately 100 gene (super)families in the Electrochemical Potential-driven transporters section of the Transport Classification system [1] . Most likely, the genetic diversity is at least in part a consequence of divergent evolution and, consequently, many of the different families may represent a similar fold and translocation mechanism. Support for this view is provided by the recently reported high resolution structures of the Na + -leucine transporter LeuT [2] , the Na + -galactose transporter vSGLT [3] , the Na + -benzyl-hydantoin transporter Mhp1 [4] , the Na + -betain transporter BetP [5] and, very recently, the arginine/agmatine exchanger AdiC [6, 7] that all show the same core structure. The five transporters are from different gene families and no significant sequence similarity could be identified between the transporters. Structural similarity between transporters from these families was predicted before by the MemGen method that is based on hydropathy profile analysis of amino acid sequences of membrane proteins [8, 9] . MemGen groups families of transporters with the same global fold in structural classes and the five transporters LeuT, vSGLT, Mhp1, BetP and AdiC are all found in structural class ST [2] [10] . Classification of all transporter families, and, more in general, all membrane proteins, in structural classes by a computational technique like MemGen would be a major step forward in membrane protein research.
At a much lower level of resolution, a membrane topology model describing the number of transmembrane segments (TMS) and the orientation of the protein in the membrane is an essential first step in any study of the structure/function relationships of a membrane protein. Computational analysis of the primary structure is especially amenable for membrane topology prediction due to the back and forward folding of the polypeptide chain through the hydrophobic phospholipid bilayer, and many methods have been developed and are used extensively. It has been argued that the prediction methods may be significantly improved by constraining the prediction algorithm with limited experimental data [11] . The cellular location of the C-terminus of a significant part of the membrane proteome of Escherichia coli [12, 13] and Saccharomyces cerevisiae [14] was determined experimentally by fusing the reporters alkaline phosphatase (PhoA) and green fluorescent protein (GFP) to the proteins. Subsequently, this data was used to produce improved topology models by constraining the location of the C-terminus of the proteins. Using homology, the experimentally constrained topology models for the E. coli and S. cerevisiae proteome could be assigned to tens of thousands other membrane proteins in the public databases [14, 15] .
In a different approach, limited experimental data may also be used to discriminate between topology models produced by different methods. MemGen structural class ST [3] contains 33 families of bacterial secondary transporters for organic and inorganic anions and Na + /H + antiporters [16] . MemGen is not a secondary structure prediction method, but since the fold of the proteins in the different families in one class is identical, membrane topology for the different families may be predicted by hydropathy profile alignment using a known model of one of the families [16, 17] . Topology models for the different families in ST [3] were predicted on the basis of the experimentally determined topology of CitS of Klebsiella pneumoniae, a member of the 2HCT family in ST [3] [18, 19] . For many, if not all families the MemGen models differ from the models produced by TMHMM [20] , a widely used secondary structure predictor that produces topology models using the amino acid sequence as input. The global topology analysis of the E. coli proteome [12] revealed the C-terminal location of 19 proteins in structural class ST [3] that were distributed over seven different families. The MemGen models for the proteins showed a C-terminal location that was in agreement with the experimentally determined location in all cases, while TMHMM predicted the C-terminus correctly only in roughly half of the cases [21] . Remarkably, constraining the C-terminus of the proteins in the TMHMM prediction [11] resulted in consensus between the MemGen and TMHMM methods for only 3 out of 19 proteins.
It follows that the experimental localization of a single site in a protein sequence is not sufficient to discriminate between different topology models. Here we present and explore a method in which the localization of three sites in the sequence are determined experimentally, the N-and C-terminus and a site in the middle of the protein. Where a single site may just detect an erroneously predicted orientation of the protein in the membrane, multiple sites are more likely to detect missing or extra transmembrane segments in the model. Moreover, selection of a site in the middle of the sequence acknowledges that many membrane proteins are twodomain proteins. A missed transmembrane segment in the first domain might be compensated for by a similar error in the second domain which would not be identified by the location of the N-and C-termini. The method was tested on a set of 16 secondary transporters from four different structural classes defined by MemGen including class ST [3] , thereby representing four different structures. Experimental results were used to evaluate the membrane topology models predicted by MemGen and TMHMM and three more recently presented predictors, TOPCONS, MEMSAT3 and OCTOPUS.
Materials and methods

Materials
Phusion DNA polymerase was obtained from Finnzymes (Espoo, Finland). T4 ligase was obtained from New England Biolabs (Frankfurt am Main, Germany). All other enzymes were obtained from Fermentas (Burlington, Canada). Mutagenic oligonucleotides were obtained from Biolegio (Nijmegen, The Netherlands), or from Operon (Ebersberg, Germany) for ligation independent cloning. p-Nitrophenyl phosphate (pNPP) was obtained from Sigma (Zwijndrecht, The Netherlands), fluorescein maleimide (FM) from Invitrogen (Carslbad, USA).
Bacterial strains and growth conditions
Escherichia coli strain SF100 (recA Δlac ΔompT) [22] harboring the indicated pLIC vector (see below) was routinely grown in Luria Broth medium at 37°C, with ampicillin added at a final concentration of 50 μg/ml. Overnight cultures were diluted 30-fold in 3 ml of fresh medium and when the optical density measured at 660 nm (OD 660 ) reached a value between 0.6 and 0.8, arabinose was added at a final concentration of 0.002-0.05 % (w/v) to induce protein production from the plasmids. Following growth for another 1.5-2 h, cells were harvested by centrifugation in a table top centrifuge operated at 4°C. Cells were resuspended in the indicated buffer and kept on ice until use.
Construction of LIC vectors and ligation independent cloning
All genetic manipulations were done using standard techniques. A KpnI/XbaI fragment of pPHO7 [23] containing the phoA gene encoding alkaline phosphatase without its signal sequence was ligated downstream of the arabinose promoter in the commercial pBAD24 vector (Invitrogen) [24] using the same two restriction enzymes. The resulting vector was digested with NcoI and KpnI and a synthetic double stranded piece of DNA (the LIC cassette) with NcoI and KpnI compatible overhang at the 5′ and 3′ ends, respectively, was inserted. The double stranded DNA fragment was prepared by hybridizing two oligonucleotides. The nucleotide sequence of the sense strand was 5′-C ATG GGT CAT CAT CAC CAT CAC CAT TTA AAT AGT GGT GTG GTA C-3′ in which the initiation codon was underlined, the sequence coding for a His 6 -tag set in italics and a SwaI restriction site in bold. The resulting vector, termed pLIC1 was used to construct alkaline phosphatase fusion proteins (see below). Vector pLIC2 which is used for GFP fusions was constructed by replacing the phoA gene in pLIC1 by the gfp gene encoding green fluorescence protein. A KpnI/XbaI fragment of pLIC1 was replaced by a fragment taken from vector pBADcLIC_GFP [25] digested with KpnI and XbaI. Similarly, the phoA fragment was replaced by a double stop codon resulting in vector pLIC3 which is used to produce His-tagged proteins. The second codon of the cassette in pLIC3, GGT (Gly) was mutated into TGT (Cys) by site directed mutagenesis rendering vector pLIC4 which is used for N-terminal localizations.
Ligation Independent Cloning (LIC) was done essentially as described [25] . The LIC vectors pLIC1-4 were linearized by SwaI digestion. Transporter genes were amplified using forward and backward primers containing 5′ flanking regions corresponding to the nucleotide sequences upstream and downstream of the SwaI site in the LIC cassette as follows: 5′-CATGGGTCATCATCACCATCACCATTG……-3′ and 5′-TACCACACCACTATTTTG……-3′, respectively. For each individual gene one forward and two reverse primers were used to amplify full length and half length transporter genes (see also Fig. 1 ). Singlestranded overhangs of the PCR products and vectors were generated using T4 DNA polymerase in the presence of dGTP (vector) and dCTP (PCR product). The complementary overhangs of PCR product and vector annealed upon mixing, after which the resulting heteroduplexes were transformed to E. coli.
2.4. GFP and PhoA assays 2.4.1. PhoA assay Cells from 0.5 ml of culture of E. coli SF100 cells harboring a pLIC1 vector carrying the indicated insert were washed once, and subsequently, resuspended in 1 M Tris-HCl pH 8.0 buffer after which the OD 660 was measured. Following incubation for 5 min at 37°C, 200 μl of a 1.5 mM p-nitrophenyl phosphate (pNPP) solution was added and the suspension was incubated until a yellow color developed. Then, the cells were spun down and the absorption was read at 420 and 550 nm using a Hitachi U-1100 spectrophotometer. The phosphatase activity was calculated in Miller units [26] .
GFP assay
Cells of E. coli SF100 harboring a pLIC2 vector carrying the indicated insert were washed once and, subsequently, resuspended in 50 mM Tris-HCl pH 8.0, 200 mM NaCl, and 15 mM EDTA to a final OD 660 of 0.2. Following incubation for 30 min at room temperature, 150 μl cell suspension was transferred into a precision cell (Hellma, Quartz SUPRSIL) and GFP fluorescence emission intensity at 508 nm was measured at an excitation wavelength of 470 nm using an AMINCO Bowman Series 2 Luminescence Spectrometer. Background signals caused by light scattering were estimated from cells harboring the pLIC3 vector without insert [27] .
Evaluation of data
Mean values and standard deviations were calculated from at least three independent measurements. PhoA and GFP activities of the cells were normalized by the mean PhoA activity of all positive PhoA fusions (N100 Miller units) and all positive GFP fusions (N0.5 emission units), respectively. The logarithm of the ratio of the normalized PhoA and GFP activities was calculated for each full-length and half protein to obtain a measure for the cellular localization of the fusion point. Values N2.5 or b-2.5 were arbitrarily set to 2.5 and -2.5, respectively.
Labeling studies
E. coli SF100 cells harboring pLIC4 or pLIC3 vectors carrying the indicated insert were washed once and, subsequently, resuspended in ice-cold 50 mM potassium phosphate buffer pH 7.0. Cells from 200 ml of culture were resuspended in 1 ml of buffer. A 5 mM solution of fluorescein 5-maleimide (FM) was freshly prepared by diluting a 50 mM solution in DMSO with 50 mM potassium phosphate buffer pH 7.0. FM was added to the cell suspension to a final concentration of 100 μM. After incubation for 20 min at room temperature, excess FM was quenched by adding 2 mM dithiothreitol (DTT). Cells were washed three times with 50 mM potassium phosphate buffer pH 7.0, and disrupted by sonication. Following removal of debris, membranes were collected from the supernatant by centrifugation for 25 min at 80,000 rpm in a Beckman TLA100.2 rotor at 4°C. The pellet was solubilized in 1 ml 50 mM potassium phosphate buffer pH 8.0 containing 400 mM NaCl, 20% glycerol, 10 mM imidazole, 1 mM DTT and 2% Triton X-100 and left on ice for 30 min after which undissolved material was removed by centrifugation at 90,000 rpm for 25 min at 4°C. The supernatant was mixed with Ni 2+ -NTA resin (25 μl bed volume) equilibrated in 50 mM potassium phosphate buffer pH 8.0 containing 600 mM NaCl, 20% glycerol, 10 mM imidazole, 1 mM DTT and 0.1% Triton X-100, and incubated overnight at 4°C under continuous shaking. The resin was pelleted by brief centrifugation in a table top centrifuge and the supernatant was removed. The resin was washed with 0.5 ml of equilibration buffer containing 300 mM NaCl and 20-40 mM imidazole. The protein was eluted with 25 μl of the same buffer, but at a pH of 7.0 and containing 200 mM imidazole. Subsequently, samples were loaded onto a 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). Following electrophoresis, in-gel fluorescence was recorded using a Fujifilm LAS-4000 luminescent image analyzer, and the gel was stained with Coomassie Brilliant Blue (CBB).
Results
Strategy
To discriminate between different topology models of membrane proteins, the cellular disposition of three positions in each of the polypeptide chains was determined by a combination of conventional techniques. The locations of the C-termini of full-length proteins and of half-proteins, truncated at a central loop, were determined using reporter gene fusion techniques. Green fluorescent protein (GFP) and alkaline phosphatase (PhoA), devoid of its signal sequence, were used as positive reporters of a cytoplasmic and periplasmic localization, respectively. GFP folds into an active conformation when localized in the cytoplasm, but not in the periplasm [28] . In contrast, PhoA matures into the active state only when residing in the periplasm [29] . The third position, the N-terminus, was determined by the accessibility of an engineered cysteine residue using a membrane impermeable fluorescent sulfhydryl reagent.
The procedure as outlined in Fig. 1 was set up using rapid, ligation independent cloning (LIC) [25] and a set of dedicated cloning vectors (see Materials and methods) to allow for the screening of many proteins. A single PCR product encoding the full-length protein was cloned into a set of four cloning vectors resulting in the fusions with PhoA and GFP at the C-terminus of the protein and the introduction of a Cys and Gly residue at position 2 at the N-terminus. The construct with the Gly residue was used as a control in the labeling studies. The Cys and Gly residues were placed upstream of a His 6 -tag that was present in all constructs to allow for maximum accessibility of the Cys residue. A second PCR product encoding the N-terminal half of the protein (half-protein) was cloned into the two vectors resulting in PhoA and GFP fusion proteins. Whenever possible, the protein was truncated in between the (putative) N-terminal and C-terminal domain.
Localization assays were done with resting cells using standard assays for alkaline phosphatase activity and fluorescence measurements for GFP content. Cells expressing the appropriate construct were treated with the fluorescent membrane-impermeable sulfhydryl reagent, fluorescein maleimide (FM) followed by processing of the cells to determine N-terminal location by the labeling efficiency.
Selection of transporter proteins and topology models
A set of 16 secondary transport proteins of known function were selected to evaluate the procedure outlined in Fig. 1 . All transporters were from bacterial origin, originating from the phyla proteobacteria and firmicutes (Table 1) . They were selected from 4 different structural classes in the MemGen classification and, therefore, putatively represent four different structures. The transporters from one structural class were mostly selected from different gene families (Transport Classification; TC system. [1] ), thereby warranting high amino acid sequence diversity. In general, no significant sequence similarity can be detected between transporters from different families in one structural class. Secondary structure predictor TMHMM [20] predicts a topology model for each single sequence. In contrast, MemGen needs a template structure to model membrane topologies of other proteins in the same structural class by hydropathy profile alignment [8, 9, 10, 16, 17] .
The three transporters selected from MemGen structural class ST [1] , KgtP, LmrP, and MelB are from different gene families in the same superfamily: the Major Facilitator Superfamily (MFS) in the TC system [1] . The MemGen topology model of the ST [1] transporters is based on the high resolution structures of the LacY and GlpT transporters [30, 31] and shows two (homologous) domains containing six TMSs each with both termini in the cytoplasm (Fig. 2) . Two of the three exchangers selected from MemGen structural class ST [2] are from different families in the APC superfamily and a third (TyrP) from yet another family, HAAAP. High resolution structures showing the same fold of the core of the proteins are available for transporters from five unrelated families in ST [2] (see Introduction). Hydropathy profile alignment reveals topology models for the selected transporters with two (homologous) domains containing five TMSs each, that are oriented in opposite directions in the membrane (inverted topology). The transporters are predicted to have two or three additional TMSs at the C-terminus (Fig. 2) . Seven transporters were selected from three different families in structural class ST [3] . The CitMHS family is found in the IT (Ion Transporters) superfamily. No high resolution structure is available for a transporter in class ST [3] . The topology model is based on extensive studies of the membrane topology of CitS of K. pneumoniae (2HCT family) and GltS of E. coli (ESS family) that both were included in the set as references [17] [18] [19] . The model reveals two (homologous) domains containing five TMSs each resulting in inverted topology. In between the fourth and fifth TMS in each domain the loop region folds back in between the TMSs (reentrant or pore-loop). The 2HCT family proteins have an additional TMS at the Nterminus. Three transporters were selected from ST [4] . ST [4] consists of a single family (DAACS). GltT shares 38% and 19% sequence identities with DctA and SstT, respectively, while the identity between the latter two is 19%. The high resolution structure of the Na +aspartate transporter Glt Ph [32] , was used to determine the membrane topology by MemGen. The models reveal eight TMS with two reentrant loops in the C-terminal half of the proteins.
C-terminal location of full-length and half-proteins
The alkaline phosphatase activity of cells expressing PhoA fusions of the full-length and half-proteins of each of the transporters in Table 1 was plotted against the GFP fluorescence of cells expressing the corresponding GFP fusion (Fig. 3A,B) . The data points formed two well separated groups falling along the two axes. The two groups correspond to a periplasmic and cytoplasmic localization of the fusion point. In general, there was a good correlation between the two reporters: proteins resulting in a high PhoA activity showed a low GFP activity and vice versa. The 'negative' reporter signal observed for alkaline phosphatase was clearly lower than observed for GFP, suggesting a significant background of fluorescence intensity in the GFP assay. The dashed lines tentatively limit the regions in the graph where the two groups of points are found. The results for two fulllength transporters were inconclusive. Signals obtained for GltS of E.
coli were insignificant (Fig. 3A, arrow a) , suggesting lack of expression of the fusion proteins, and MleP of Lactococcus lactis (arrow b) showed a relatively small, but significant positive signal with both reporters. Both these transporter are from structural class ST [3] . The range of values of positive PhoA activities and GFP fluorescence intensities was considerable, and, mostly likely, represents the different levels of expression of the fusion proteins. Under the assumption that expression levels are mainly determined by the membrane protein and less so by the reporter protein, expression levels may be eliminated from the data by taking the ratio of the PhoA activity and the GFP fluorescence intensity after normalization of the two signals (see Section 2.4). Fig. 3C and D shows the logarithms of the normalized ratio of the PhoA and GFP signals for each of the fulllength proteins (C) and half-proteins (D). Then, a positive bar corresponds to a periplasmic localization, a negative bar to a cytoplasmic localization. The length of the bars indicates the significance of the localization and would be independent of the expression levels. Threshold values for positive localizations were indicated by the dashed lines that correspond to the dashed lines in Fig. 3A and B .
The C-termini of the full-length transporters of structural classes ST [1] and ST [4] are all found in the cytoplasm, while ST [3] transporters have their C-termini in the periplasm. As mentioned above, the results for GltS and MleP in ST [3] were inconclusive. In ST [2] , the AguD and TyrP proteins end in the cytoplasm, while HdcP ends in the periplasm. The C-termini of the half proteins of ST [1] , ST [3] and ST [4] are all found in the cytoplasm, while the N-terminal halfproteins of the ST [2] transporters end in the periplasm. Table 1 . 3.4. Domain structure of ST [2] transporters TMHMM predicts 12 TMSs for most of the APC superfamily transporters in structural class ST [2] , while MemGen models the same proteins using the available high resolution structures of transporters in ST [2] which results in two domains of five TMSs each plus two or three additional TMSs (see above). The half-proteins of the ST [2] transporters in the studies above were based on the latter prediction i.e. the half-proteins consisted of the predicted first domains (five TMSs). On the other hand, the TMHMM topology might suggest a two times six TMSs structure like the transporters of the MFS in class ST [1] . Since the choice of the truncation point may affect the stability of the fusion protein and even erroneously report the localization [33] , the fusions of the half-proteins of the three ST [2] transporters were also constructed based on this assumption, i.e. consisting of the first six TMSs. The results are presented in Fig. 4 . In case of the AguD and TyrP half-proteins, the C-terminus of the 6th TMS is in the cytoplasm which is consistent with the result from the five TMS half-proteins. However, the results for the HdcP transporter were found to be inconclusive, both a high PhoA and GFP signal were observed. It follows that the five TMS half-proteins give a more consistent result than the six TMS half-proteins.
N-terminal location of full-length proteins
For each of the transporters in Table 1 two constructs were made to determine the location of the N-terminus, one variant with a Cys and one with a Gly residue at position 2, immediately upstream of the His-tag. The cytoplasmic localization of the N-terminus of CitS of K. pneumoniae has been well documented [34] [35] [36] . Treatment of resting cells expressing the Gly variant of CitS with 0.1, 0.33 and 1.5 mM of fluorescence maleimide for 20 min showed significant labeling of the protein only at the highest FM concentration (Fig. 5A) . Apparently, the five endogenous Cys residues of CitS were only poorly accessible for FM added to the extra-cellular medium. The same experiment with the Cys variant showed dramatically more labeling at the highest concentration of FM indicating that under these conditions the introduced Cys residue in the cytoplasmic N-terminus was accessible to the reagent. It also shows that successful labeling of a single Cys residue results in a much stronger signal than obtained with Coomassie Brilliant Blue staining of the protein. Labeling of the Cys variant was considerably less at a concentration of 0.33 mM FM and could only be marginally detected at a concentration of 0.1 mM. It follows that treatment of cells with 0.1 mM of FM for 20 min does not result in significant labeling of Cys residues located at the cytoplasmic face of the membrane. The N-terminus of GltS of E. coli is located in the periplasm [17] . Treatment of cells expressing the Gly variant with 0.1 mM FM for 20 min does not reveal any of the endogenous Cys residues in the fluorescence image of the gel (Fig. 5B) . In contrast to what was observed with CitS, the Cys variant was clearly labeled after the same treatment, showing that the introduced Cys residue was readily accessible for the reagent, consistent with a periplasmic location. Treatment of cells expressing the two variants of the transporters with 0.1 mM FM for 20 min and at room temperature was used to discriminate between a cytoplasmic and periplasmic location of the N-terminus of the proteins.
The CitM and CitH transporters of Bacillus subtilis in structural class ST [3] gave the same results as observed for GltS. No labeling was observed with the Gly variant, while the Cys variant showed labeling (Fig. 5B ). It follows that these transporters expose their N-termini at the exterior of the cell surface. The amount of CitH protein obtained after the partial purification was very small indicating low expression which is consistent with previous observations [37, 38] . In addition, the more sensitive fluorescent signal shows that the CitH protein runs as a diffuse band on SDS-PAGE.
CimH of B. subtilis in structural class ST [3] was the only protein that showed labeling with FM in the Gly variant at the conditions used (Fig. 5C ). CimH contains two endogenous Cys residues. With the Cys variant, fluorescence intensity increased somewhat, but the ratio of fluorescence intensity over protein stain was lower than for GltS, CitM and CitH above. A firm assignment of the N-terminal location of CimH could not be made. All other transporters showed no labeling in the Gly (not shown) or Cys variant (Fig. 5D ) while the proteins could be Fig. 4 . C-terminal localization of half-proteins in structural class ST [2] . PhoA activity plotted against the GFP fluorescence intensities for ST [2] proteins truncated after TMS V (□) and TMS VI (◊). Dotted lines correspond to the corresponding lines in Fig. 3A, B . Insert. Logarithm of the ratio of the normalized PhoA and GFP signals for each of the fusion proteins. identified by CBB staining. It was concluded that the N-termini of the proteins were situated in the cytoplasm.
Summarizing, the transporters of structural classes ST [1] , ST[2] and ST [4] have cytoplasmic N-termini. For ST [3] the results are more diverse. The 2HCT transporters (CitS, CitP and MleP) have cytoplasmic N-termini as well, while the N-termini of the ESS transporter (GltS) and the CitMHS transporters (CitM and CitH) were found in the periplasm. No firm conclusion could be drawn for CimH, a 2HCT transporter in ST [3] .
Discussion
Overall performance
Limited experimental data may be very useful to improve membrane topology predictions by computational methods [11, 13] and to discriminate between different models derived from different methods. Here, a method is presented by which the cellular disposition of three positions in a membrane protein are determined, the N-and the C-termini and a position in the middle of the protein. The method involves rapid cloning followed by conventional localization assays. The procedure was set up to allow for rapid screening of many proteins in a funnel type of approach by which proteins that do not result in positive localizations at all three positions are dropped from the screen. In this way, when a number of proteins from one family are included, an improved topology model for the family will still be obtained, even if individual proteins drop out of the scheme. A total of 16 secondary transporter proteins taken from four different structural classes were used to test the method. A positive result was obtained for 15 of the N-termini, all of the central positions, and 14 of the C-termini. The localization of the N-terminus of CimH could not be obtained mainly because of background labeling of endogenous Cys residues. The localization of the C-terminus of GltS was not obtained, due to low expression of the fusion proteins and of MleP because the results were ambiguous. It follows that a full complement of three localizations was obtained for 13 out 16 proteins, giving a drop out rate of approximately 20%. Of course, incomplete sets of localizations may still be used to check for consistency with different models.
The central loop
The use of reporter fusions to determine the membrane topology of integral membrane proteins has been widely used and, also, widely criticized. The criticism mainly focuses on the use of truncated N-terminal fragments to determine the localization of internal positions in the sequence, as used here for the central loop and does not apply when the localization of the C-terminus is determined [12, 13, 14] ). The assumption is that the truncate itself is stable and has the same topology as in the full-length protein, i.e. the topology is not dependent on missing C-terminal parts. While in many cases the assumption appears to be valid, in specific cases erroneous assignments have been reported [30] . The internal position in the present method was selected in the middle of the protein, thereby acknowledging that many transporter proteins consist of two (homologous) domains containing the same number of TMSs, and of approximately equal length. It is assumed that the N-terminal domain in the fusion protein is a stable entity by itself and therefore less prone to erroneous results. With no further experimental information the truncation site can only be chosen based upon the number of predicted TMSs. In case of MemGen, the site may be selected based on the domain structure found in the template structure. The difference between these two cases is nicely demonstrated for the three transporters AguD, HdcP and TyrP from structural class ST [2] (Fig. 4) . The corresponding parts of the transporters contains 12 TMSs (HdcP has one additional TMS at the C-terminus). Therefore, the proteins would be truncated in the loop between TMS VI and VII. However, the model by MemGen was based on the high resolution structures of the LeuT and vSGLT proteins (see Introduction; [10] ). (In the mean time, the structural similarity between the families has been confirmed by the structure of the AdiC transporter, a homologue of HdcP [6, 7] .) These transporters consist out of two times five TMSs plus two additional segments at the C-terminus (see Fig. 2 ) and the site of truncation was chosen between TMSs V and VI. The fusion proteins showed a more consistent result in the latter case, giving a high PhoA activity in combination with a low GFP signal. Truncation of the HdcP protein after TMS VI, which includes the first TMS of the second domain, resulted in both a high PhoA activity and GFP fluorescence, suggesting a scrambled C-terminus. Apparently, truncation between the two domains results in a more stable situation. In general, the fusions of the truncated proteins in this test behaved quite well, even better than the fusions of the full-length proteins. All 16 halfproteins resulted in well-defined localizations (Fig. 3) , 13 in the cytoplasm and 3 at the external face of the membrane. The two fulllength fusion proteins for which no localization was obtained both had their C-terminus predicted in the exterior. 
The N-terminus
Determining the localization of the N-termini of the proteins is the most elaborate and cumbersome part of the screen. Following treatment of the cells with the fluorescent probe FM, identification of labeling of the engineered Cys residue at the N-terminus requires partial purification of the membrane protein. For this purpose, a His 6tag was engineered at the N-terminus which allows for a rapid, small scale partial purification of the proteins by affinity chromatography. Adverse affects of the presence of the His-tag at the N-terminus on the expression of the proteins may increase the drop out rate of proteins from the screen. An additional disadvantage of the labeling approach is that the absence of labeling is a negative result and it cannot be excluded that the introduced Cys residue is not accessible at the exterior of the cell rather than having a cytoplasmic location. To minimize this possibility, the Cys residue was introduced in front of the His 6 -tag at the N-terminus. Then, the six histidine residues form a hydrophilic linker between the Cys residue and the hydrophobic membrane protein promoting its localization in the water phase. A further problem may arise from endogenous Cys residues that are accessible from the exterior of the cell as observed for the CimH protein in this test (Fig. 5C ). In general, bacteria tend to not expose Cys residues to the external surface of the cell to prevent damage to the proteins. The problem will be minimized by analyzing the amino acid sequence of the proteins in a family for the presence and position of endogenous Cys residues before a selection of proteins to be included in the screen is made.
All 16 proteins in this test of 16 transporters were identified in the N cys and N gly variants by SDS-PAGE indicating no expression problems caused by the N-terminal His-tags. For 15 of the 16 transporters, no labeling of endogenous Cys residues was observed in the N gly variant. Nevertheless, an attempt to identify labeling of the N cys variant by SDS-PAGE of isolated cytoplasmic membranes, thereby skipping the purification step, failed because of too much background labeling.
Evaluation of predictors
The topology models produced by MemGen and TMHMM were evaluated for those proteins for which the complete set of three experimentally determined localizations was obtained ( Table 2 ). The models for the proteins in structural classes ST [1] and ST [2] were similar for the two methods and agreed well with the experimental data. In contrast, for each of the proteins in class ST [3] , one of the predicted localizations is different in the models produced by MemGen and TMHMM. Comparison to the experimental data shows that in all cases the prediction by MemGen is correct. Similarly, the experimental data is consistent with the MemGen model in case of the GltT protein in class ST [4] and not with the TMHMM model. Prediction for the other two proteins in class ST [4] was the same and in agreement with the experimental data. Summarizing, MemGen models agree with the experimental data in all cases (100%), while the TMHMM models agree in 8 out of 13 cases (62%) Constraining the C-terminal localization in the algorithm (TMHMM fix ; [11] ) in none of the cases changed the prediction of the other two sites and, therefore, no improvement of the erroneously predicted models by TMHMM was obtained. It appears that the success rate of TMHMM is strongly dependent on the structural class with correct predictions in classes ST [1] and ST [2] and erroneous predictions in classes ST [3] and ST [4] . The low success rate for proteins in ST [3] is in agreement with observations made before (see Introduction; [21] ). The transporters in class ST [3] are believed to contain two so-called pore-loops or reentrant loops [17, 19, 21] . Such loops are also prominent features of the transporters of class ST [4] [32] but are absent in proteins from ST [1] and ST [2] . TMHMM does not predict pore-loops and easily confuses them with transmembrane segments.
The TMHMM server was released a decade ago. During the last couple of years a number of new topology predictors for membrane proteins have been presented among which MEMSAT3, a neural network predictor that makes use of evolutionary information [39] , OCTOPUS, a Hidden Markov model predictor that includes reentrant-, membrane dip-and transmembrane hairpin regions [40] and TOPCONS, a consensus predictor [41] , These new methods score considerably better with our dataset giving 100%, 92% and 85% consistency between models and experimental data for MEMSAT3, OCTOPUS and TOPCONS, respectively (Table 3) . Clearly, there has been considerable progress in the development of membrane topology prediction methods. It should be mentioned though, that models consistent with the experimental data are not necessarily the same models. In many cases, the models predicted by these predictors are still different from the MemGen models. The topology screen that is proposed here positively identifies models that are wrong. There may still be several models that are consistent with the three experimentally determined localizations, in which case more experiments are required to positively identify the correct model. Table 3 Performance of different predictors on the data set.
Predictor
ST [1] ST [2] ST [3] ST [4] All (%)   MemGen  3/3 a  3/3  4/4  3/3  100  TMHMM  3/3  3/3  0/4  2/3  62  MEMSAT3  3/3  3/3  4/4  3/3  100  OCTOPUS  3/3  3/3  4/4  2/3  92  TOPCONS  3/3  3/3  2/4  3/3  85 a Number of consistent topology models/number of transporters. Only those transporters were included for which a location was obtained for all three sites in the proteins.
